Crystal binding energy of a core electron at the 3d 5/2 level of a Pd atom has been estimated to be −4.0 ± 0.02 eV by decoding the X-ray photoelectron spectra obtained from both the Pd surfaces and the Pd nanoparticles. Findings indicate that the increase in the binding energy originates from the effect of coordination number (CN) imperfection of atoms at a flat surface or at the curved surface of a nanosolid. The CN imperfection shortens the remaining bonds of the lower-coordinated atoms spontaneously associated with bond energy increase, which perturbs the Hamiltonian of an extended solid and hence shifts the core level to higher binding energy. Therefore, the significance of atomic CN imperfection cannot be overlooked in dealing with a low-dimensional system, and the recent bondorder-length-strength (BOLS) correlation mechanism is essentially adequate, for the significance of atomic CN imperfection.
Properties of materials determined by their size are indeed fascinating and form the basis of the emerging field of nanoscience and nanotechnology. Various physical properties such as mechanical strength, 1 ductility, 2 thermal stability, 3 sintering ability, 4 diffusitivity, 5 and the chemical reactivity, 6, 7 of a nanosolid have been found to be dependent on particle size. One of the important aspects is the electronic structure of the nanosolid. The core level energy and the energy level spacing of successive quantum sublevels in the valence band, known as the Kubo gap, 4E F /3n, increase with reducing particle size 7 (E F is the Fermi energy of the bulk material and n is total number of valence electrons in a nanosolid). The increase in the core level binding energy is usually described as the "final (ionized)-state" effect, 8 while experimental investigations 9 have shown that the final-state effects cannot explain all the observations and that a metal-to-nonmetal transition mechanism was suggested to occur with a progressive decrease in cluster size.
7 The increase in the core level binding energy in small particles was also attributed to the poor screening of the core hole and hence a manifestation of the size-induced metal-nonmetal transition that happens at a particle size in the range of 1-2 nm consisting of 300 ± 100 atoms.
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Recently, a bond-order-length-strength (BOLS) correlation mechanism has been developed, 11 which attributes the size-induced core level shift, band gap expansion, 12 dielectric suppression, 13 and the suppression of critical temperature for magnetic phase transition 14 and solid-liquid transition 15 of nanosolids as well as the surface mechanical strengthening 16 to the same origin of atomic coordination number (CN) imperfection. This mechanism has allowed us to determine the dimension, strength, and thermal and chemical stability of a single C-C bond in carbon nanotubes. 17 The BOLS correlation indicates that the CN imperfection shortens the remaining bonds of the lower-coordinated atom with an association of bond strength enhancement, which contributes not only to the atomic cohesive energy (E coh , single bond energy multiplies the atomic CN) of the specific atom but also to the energy density and charge density as well in the relaxed surface region. The former contributes to the Gibbs free energy which determines the thermodynamic behavior of the system, while the latter perturbs the Hamiltonian of an extended solid that determines the entire band structure of a nansolid. The increased surface energy determines the surface Young modulus and the surface stress of the system as well. According to the BOLS prediction, the CN imperfection should not only create a high-energy component to the core level shift of a surface but also shift the core level energy of a nanosolid to higher binding energy when the particle size is reduced with a higher portion of the lower-coordinated atoms at the curved surfaces. 18 The BOLS expectation agrees with the explanation that the 0.5 eV positive shift of the Nb(001) 3d 3/2 core level is due to the 12% interlayer spacing contraction 19 and that the 0.75 eV shift of the Ta(001)-4f 5/2(7/2) level is due to a (10 ± 3)% contraction of the first-layer spacing. 20 The interlayer bond contraction enhances interlayer charge density and resonant diffraction of the incident irradiation light. Most strikingly, scanning tunneling spectroscopy/microscopy has probed 21 lately that the surface Si-Si bond contracts by ∼12% from the bulk value (0.263 nm) to ∼ 0.23 nm, associated with band gap expansion from 1.1 eV to 3.5 eV with decrease of the Si nanorod diameter from 7.0 to 1.3 nm, which concurs with the BOLS prediction. Generally, the surface core level shift can be decomposed into several components. Measurements [20] [21] [22] show that the intensity of the low-energy component often increases with the incident beam energy or with decrease of the angle between the incident beam and the normal to the surface in the measurement. The intensity of the low-energy component also increases with decrease of the surface atomic density under the same beam condition (energy and incident angle). For example, under 390 eV beam energy, two 3d 5/2 components at 334.35 and 334.92 eV have been identified from Pd(110, 100, 111) surfaces. The lower 334.35 eV peak intensity decreases with the variation of the surface geometry from (110) to (111) 23 (n 110 :n 100 :n 111 = 1/ √ 2:1: √ 3/2). The 306.42 eV component of the Rh(111) 3d 5/2 level measured under 380 eV beam energy is higher than the same peak of Rh(110) measured using 370 eV beam energy compared with the high-energy component at 307.18 eV. 23 The beam conditions and atomic density dependence of the lowenergy-component intensity show evidently the positive shift in the XPS measurement due to the varied penetration depth of the incident beams.
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The size-dependent core level positions, E C (D), of Cu-2p 3/2 (Cu/HOPG), 24 Pd-3d 5/2 (Pd/HOPG), 
where ∞ represents the bulk solid. The slope B changes depending on surface treatment, particle dimensionality and particle-substrate interaction.
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These results encourage us to uncover the common mechanism behind the core level shift induced by surface relaxation and nanosolid formation, and hence to elucidate the crystal binding energy. According to the band theory, the BOLS perturbs the crystal potential, and the overall energy of an electron in a solid is composed of intra-atomic trapping (V atom ) and crystal binding:
where ∆ l is the dimensionless perturbation due to bond contraction at a flat surface or at the curved surfaces of the outmost layers of a nanosolid, where
ε 0 is the single bond energy at equilibrium atomic separation of the ith atomic layer and ε 0 is the bulk value, respectively. γ ij is the atomic portion of the ith atomic layer over the entire nanosolid. i denotes the atomic layer that is counted up to three from the outermost atomic layer to the center of the solid.
is the thickness of the ith atomic layer. τ = 1, 2, 3 correspond to the dimensionality of a thin plate, a rod, and a spherical or semispherical dot.
i≤3 γ ij drops in a D −1 j fashion from unity to infinitely small when the solid dimension grows from atomic level to macroscopic scale. At the lower end of the size limit, the perturbation to the Hamiltonian of a nanosolid relates directly to the behavior of a single bond, being the case of a surface. m is an adjustable parameter representing the nature of the bond. For metals, m = 1; for compounds and alloys, m ∼ 4.
11 The BOLS premise involves only the m value and the atomic CN of the first three atomic layers. 29 No other assumptions or freely adjustable parameters are necessary. The core level position of an isolated atom can be derived from Eq. 2(b):
Given an XPS profile with clearly identified E ν (∆ i ) and E ν (∞) components of a surface (l = i = 1, 2, 3), or a set XPS data collected from a certain type of nanosolid of different sizes (l = j = 1, 2, . . .), one can calculate easily the atomic E ν (1) and the
components are given, E ν (1) and ∆E ν (∞) should take the mean value as both E ν (1) and ∆E ν (∞) change neither with particle dimension, nor surface relaxation or chemical reaction. the crystal binding intensity, ∆E ν (∞), and hence the energy level of an isolated atom, E ν (1), can be determined uniquely with the above relations.
∆E Pd−3d (∞) and E Pd−3d (1) have been calculated using the XPS data collected from the Pd surface 23 and the size-dependent XPS profile of Pd3d 3/2 .
10 Figure 1 compares the BOLS theoretical (solid) curve with the measured (scattered) results. In order to find the intercept and slope in the scaling law, the experimental results were first linearized with the least-root-mean-square optimization method. The intercept (−0.037 eV) corresponds to the bulk E 3d (∞) = −334.35 eV as a reference. The slope B (0.80) gives information on ∆E Pd−3d (∞). Matching the theoretical curve to the measurement gives rise to the bulk crystal (3), we have ∆E Pd−3d (∞) = −4.01 eV and E Pd−3d (1) = −330.34 eV. The ∆E Pd−3d (∞) determined from the surface and the nanosolids is almost identical. The Rh-3d 5/2 core level energies were also calculated as compared in Table 1 . Inserting the surface components 23 E 3d (∆ 1 ) = −307.18 eV and E 3d (∞) = −306.42 eV gives ∆E 3d (∞) = −5.35 eV and E 3d (1) = −301.17 eV for a Rh bulk solid and an isolated Rh atom, respectively. The accuracy of determination depends strictly on the precision of the XPS measurement and calibration.
We have thus developed a new approach to quantifying the intra-atomic trapping energy and the crystal binding intensity to a core electron of an atom isolated from a solid. It has been found that the core level physical shift induced by surface relaxation and nanosolid formation originates from nothing more than the atomic CN imperfection. Metalnonmetal transition may happen subjecting to the separation of the quantum sublevels, which should not be the reason for crystal binding enhancement. Therefore, the impact of atomic CN imperfection should never be overlooked in dealing with a lowdimensional system for which the lower-coordinated atoms dominate. Understanding and quantification of the surface-and size-induced core level shift, as well as other properties of nanosolids documented so far by this practitioner and coworkers, evidence not only the impact of atomic CN imperfection on the performance of a surface and a nanosolid but also the validity and essentiality of the BOLS correlation in describing the effect of atomic CN imperfection.
